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Autism is a neurodevelopmental disorder marked by social skills and communication 
deficits and interfering repetitive behavior. Intellectual disability often accompanies autism. 
In addition to behavioral deficits, autism is characterized by neuropathology and brain 
overgrowth. Increased intracranial volume often accompanies this brain growth. We have 
found that the Alzheimer's disease (AD) associated amyloid-p precursor protein (APP), 
especially its neuroprotective processing product, secreted APP a, is elevated in persons 
with autism. This has led to the "anabolic hypothesis" of autism etiology, in which neuronal 
overgrowth in the brain results in interneuronal misconnections that may underlie multiple 
autism symptoms. We review the contribution of research in brain volume and of APP to 
the anabolic hypothesis, and relate APP to other proteins and pathways that have already 
been directly associated with autism, such as fragile X mental retardation protein, Ras 
small GTPase/extracellular signal-regulated kinase, and phosphoinositide 3 kinase/protein 
kinase B/mammalian target of rapamycin. We also present additional evidence of magnetic 
resonance imaging intracranial measurements in favor of the anabolic hypothesis. Finally, 
since it appears that APP's involvement in autism is part of a multi-partner network, we 
extend this concept into the inherently interactive realm of epigenetics. We speculate 
that the underlying molecular abnormalities that influence APP's contribution to autism 
are epigenetic markers overlaid onto potentially vulnerable gene sequences due to 
environmental influence. 
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BACKGROUND 

Autism is a specific form of what is now termed autism 
spectrum disorder (ASD). ASD is characterized by deficits in 
communication and social interaction and by stereotypic and 
rigid behaviors. In addition, macrocephaly, cognitive impair- 
ment, and seizures can be associated with ASD. Other brain 
anatomical abnormalities in autism have been reported in the lit- 
erature, along with differences in intracranial volumes (Aylward 
etal., 1999, 2002; McCaffery and Deutsch, 2005). Pathologically, 
macrocephaly due to brain enlargement in autism is likely due 



Abbreviations: AD,Alzheimer's disease; ADAM, a disintegrin and metallopro- 
teinase; AICD, APP intracellular domain; APP, amyloid-p 1 precursor protein; 
ASD, autism spectrum of neurodevelopmental disorders; Ap 1 , amyloid-p 1 peptide; 
FMR1, fragile X mental retardation 1 gene; FMRP, fragile X mental retarda- 
tion protein; FXS, Fragile X syndrome; FXTAS, fragile X-associated tremor/ataxia 
syndrome; LEARn, latent early-life associated regulation; mGluR, metabotropic 
glutamate receptor; MRI, magnetic resonance imaging; PI3K/mTOR, phospho- 
inositide 3 kinase/mammalian target of rapamycin; PKC, protein kinase C; 
PRKB1, protein kinase c-fil gene; Ras/ERK, Ras small GTPase/extracellular 
signal-regulated kinase; sAPPot, soluble APP ot; TACE, tumor necrosis factor- 
a converting enzyme; TIV, total intracranial volume; TNF-ot, tumor necrosis 
factor a. 



to cell adhesion dysfunction. The amyloid-p precursor protein 
(APP), which is better known in association with Alzheimer's dis- 
ease (AD), is a known cell adhesion and neurite pruning protein 
(Thinakaran and Koo, 2008; Nikolaev etal., 2009). The amy- 
loidogenic pathway favors loss of function APP with sequential 
cleavage of APP by P-secretase (BACE1) resulting in neurotoxic 
amyloid-P (Ap) peptides 40 and 42, the major components of 
cerebral amyloid plaques associated with brain atrophy found in 
AD. Alternative cleavage via the a secretase non-amyloidogenic 
pathway releases the non-amyloidogenic secreted APP a 
(sAPPa; Hardy, 2009), believed to have neurotrophic properties 
(Mattson, 1994; Ray etal., 2011). The expected plasma neuronal 
marker profile in AD is low sAPPa and high Ap 40/42. The 
non-amyloidogenic pathway (represented by high sAPPa and low 
Af5 40/42) may represent a gain of function toxicity associated 
with neurodevelopmental conditions including autism. Of par- 
ticular interest to autism research, we (Sokol etal, 2006; Ray 
etal., 2011), and others (Bailey etal., 2008), have determined 
that the cleavage product of APP, sAPPa, is elevated in plasma 
from autistic subjects vs. neurotypical and mildly autistic subjects 
(Ray etal, 2011). 
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These elevated sAPPa levels and increased intracranial volumes 
have led to the "anabolic hypothesis" of autism etiology:autism 
as a product of overgrowth (or insufficient pruning) of cra- 
nial neurons, resulting in neurological and behavioral symptoms 
(Figure 1). In addition to circumstantial evidence, specific APP 
pathways support this hypothesis. Fragile X syndrome (FXS), 
which is commonly marked by a comorbid diagnosis of ASD, 
involves the disruption of normal interaction between the frag- 
ile X mental retardation protein (FMRP) and metabotropic 



glutamate receptor (mGluR) which misregulates APP mRNA 
translation (Westmark and Maker, 2007). Of note, FXS has 
been associated with macrocephaly (Laxova, 1994). APP and 
metabolites also have a purported anabolic role within other trans- 
lation regulating pathways such as Ras small GTPase/extracellular 
signal- regulated kinase (Ras/ERK; Venezia etal., 2006; Rohe 
etal., 2008) and phosphoinositide 3 kinase/mammalian target 
of rapamycin (P13K/mTOR; Rohe etal, 2008; Bhaskar etal, 
2009). 
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FIGURE 1 | Contrast of normal and pathogenic APP protein processing 
pathways. (A) Normal pathway. APP protein (green) is processed by 
secretases (violet) and usually cleaved at the a-secretase site by ADAM10 or 
ADAM17 (a), then afterwards by the y-secretase complex (y). This produces 
sAPPa, the non-pathogenic p3 peptide product, and the APP intracellular 
domain (AICD).The sAPPa product is both neuroprotective and activates 
microglia. These balanced processes, under normal conditions, lead to neural 
pruning and normal development at appropriate times. This is the majority 
APP processing pathway. (B) APP anabolic dysfunction of the a-secretase 
pathway, specifically anabolic proteins/peptide levels, processes, and 
outcomes indicated in yellow. Overproduction of APP and/or excess 
a-secretase activity results in overproduction of sAPPa, which both activates 
neuroglia and is neuroprotective. Neuroprotective activity would presumably 
overwhelm microglial activation, since other molecules, presumably not 



also over-produced in this scenario, also activate microglia during neural 
pruning and would not be able to make up the difference to overwhelm 
additional sAPPa neuroprotection. The net result would bring about 
neuronal overgrowth and risk for autism. (C)The "catabolic"/ 
neurodegenerative amyloidogenic p-secretase pathway, specifically 
catabolic protein/peptide levels, processes, and outcomes indicated in red. 
This pathway is associated with neurodegeneration and Alzheimer's disease. 
Possible increase in APP protein and BACE1 protein levels (p) result in greater 
cleavage at the p-secretase and then by y-secretase complex (y).This 
produces sAPPp, pathogenic/neurotoxic Ap peptide, and AICD. sAPPp 
activates microglia without offering neuroprotection. Thus, two of the three 
major products of the p-secretase pathway are neurodegenerative. If the 
p-secretase pathway becomes excessive, risk for Alzheimer's disease 
increases. 
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The anabolic hypothesis of autism etiology provides specific 
molecular mechanisms for the development of ASD. Since the 
hypothesis is based upon levels of gene expression/translation, it 
has greater explanatory power than genetic mutation models. Like- 
wise, recent years have seen greater recognition of environmental 
influences on gene expression, such as the enviromic/epigenomic 
latent early-life associated regulation (LEARn) model (Lahiri et al, 
2009). Genetic predisposition would be conditioned by envi- 
ronmental risk to produce overall risk for autism and likewise 
point to potential preventative and treatment methods based 
on solid biochemical and neurological understanding of this 
disorder. 

AUTISM AS AN EARLY NEURODEVELOPMENTAL DISORDER 

Autism is characterized by deficits in communication and social 
interaction and by stereotypic and rigid repetitive behaviors. 
Prevalence of ASD in the United States is estimated to be between 1 
in 50 (Blumberg et al, 2013) and 1 in 88 (Autism and Developmen- 
tal Disabilities Monitoring Network, 2012). Diagnosis can be made 
reliably as early as ages 18-24 months, with symptoms of autism 
seen as early as 9-12 months (Johnson and Myers, 2007). Infants 
with autism often show delayed onset of babbling, decreased ges- 
tures, imitation, and responsiveness within the first year. In the 
second and third years, there often is decreased frequency and 
diversity of language, less "showing" and "pretend" behaviors and 
reduced "joint attention," considered a unique, core feature of 
autism (Landa, 2007). One in four children with autism may 
demonstrate word loss and other signs of communication regres- 
sion during toddlerhood (Lord et al, 2004). Word loss stands out 
as a "red flag" and is considered unique to autism (Lord et al., 
2004). This early presentation of symptoms suggests an associated 
prenatal/early childhood disruption of brain function that may 
underlie symptoms. 

APP IN EARLY BRAIN DEVELOPMENT 

APP is a large (695-770 amino acid) glycoprotein produced in 
brain microglia, astrocytes, oligodendrocytes, and neurons (Mul- 
lan and Crawford, 1993). It has a large extracytoplasmic domain, 
a membrane-spanning domain containing the A^-peptide, and 
a short intracytoplasmic domain (Jolly- Tornetta etal, 1998). 
Mature APP is axonally transported and can be secreted from axon 
terminals in response to synaptic activation (Mattson, 1994) where 
it may play a role in neuronal maturation and synaptogenesis 
(Priller etal., 2006). 

Proliferation, migration, differentiation, myelination, and 
synaptogenesis are all steps involved in generation of a mature 
neuron. Some of the known functions of APP in these pro- 
cesses include promotion of proliferation, cell-cell adhesion 
(Schubert etal, 1989), migration (Mattson, 1994), and synap- 
togenesis (Priller etal., 2006). More to the point, sAPPa has 
specific activity in inducing cellular proliferation (Siemes etal, 
2004), including neural progenitor cells (Demars etal, 2011). 
sAPPa facilitates substrate adhesion in cell culture (Wehner etal, 
2004). Induction of neuroprogenitor migration by sAPPa may 
be due to sAPPa upregulation of C-C chemokine levels (Vrot- 
sos and Sugaya, 2009). sAPPa induces synaptogenesis in response 
to increases in ADAM10 (a disintegrin and metalloproteinase 



domain-containing protein 10; a-secretase) levels (Bell etal., 
2008). 

APP is predominantly located at synapses (Priller et al., 2006) 
and is released from neurons in an activity-driven fashion (Matt- 
son and Furukawa, 1998). mGluR type 1 and type 5 (mGluRl/5) 
activation increases secretion of APP in cell culture (Jolly- Tornetta 
et al., 1998). The expression of APP appears to be developmentally 
controlled, with highest levels occurring early in synaptogenesis 
(Priller et al., 2006). APP levels are higher post-natally rather than 
prenatally but peak before 1 month of age in rodents (Lahiri et al., 
2002). APP plays a functional role during growth cone devel- 
opment and has been implicated in neurite outgrowth (Mullan 
and Crawford, 1993; Mattson and Furukawa, 1998). APP works 
in opposition to NMDA (JV-methyl-D-aspartate) and AMPA (a- 
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) receptors 
with respect to glutamate's pruning effects on growth cones (Matt- 
son and Furukawa, 1998). Notably, APP blocks and reverses the 
ability of glutamate to inhibit dendrite outgrowth in embryonic 
rat hippocampal cell cultures (Mattson, 1994). 

Knockdown of APP inhibits neuronal migration from the cor- 
tical ventricular zone to the cortical plate in mice (Young-Pearse 
et al., 2007). Conversely, overexpression of APP accelerates migra- 
tion of neuronal precursor cells into the cortex (Young-Pearse 
etal., 2007). In cell culture, APP has been linked to suppression 
of neuronal cell adhesion (Schubert etal, 1989). Therefore, the 
location of APP at the synapse and its developmental function in 
migration and suppression of cell adhesion support the hypoth- 
esis that dysregulated levels of APP contribute to unguided brain 
growth as seen in autism (Courchesne etal., 2003). APP's loca- 
tion at synaptic dendrites, its regulation by translation repressors 
such as FMRP, its participation in post-translational modifi- 
cation, and its role in neurogenesis and migration make it a 
prime candidate to contribute to the synaptic disruption in 
autism. 

PROCESSING OF APP 

Amyloid-p" precursor protein is best known in association with 
AD. Sequential cleavage of APP by the fl-secretase, fl-site APP 
cleaving enzyme 1 (BACE1) and the y-secretase complex (pre- 
senilin 1, presenilin 2, nicastrin, anterior pharynx defective 1 
homolog A, and other uncharacterized subunits) releases sAPPp, 
the APP intracellular domain (AICD) and amyloidogenic Ap 1 pep- 
tide (Figure 1C), the major component of extracellular plaques 
found in AD (Thinakaran and Koo, 2008). 

Although APP-related research is generally in the context of 
AD pathogenesis, the non-amyloidogenic (non-Ap 1 ) "alpha" route 
is actually the predominant pathway for APP processing (Postina, 
2008). Its rate-limiting enzyme is the a-secretase family of "a disin- 
tegrin and metalloprotease" (ADAM) proteins (ADAM9, 10, and 
17; Deuss et al, 2008; Vingtdeux and Marambaud, 2012). In addi- 
tion to potential "anti-pruning" activity, ADAM 17 induces cellular 
proliferation in a variety of conditions (Gooz et al., 2009; Lin et al., 
2012). Release of sAPPa is complete by the y-secretase complex 
(Lahiri etal, 2003; Thinakaran and Koo, 2008), along with the 
non-amyloidogenic 3 kDa "p3" peptide and the AICD (Figure 1 A) . 
sAPPa exhibits a wide array of neurotrophic activities (Matt- 
son, 1997; Turner etal, 2003), important for neurodevelopment. 
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sAPPct activates microglia, a function it shares with sAPPfi (Barger 
and Harmon, 1997). In mice, sAPPa increases neurite outgrowth 
and memory and protects against multiple insults (Stein and 
Johnson, 2003). It has been suspected that APP contributes to 
the predisposition to hematologic malignancy in Down syn- 
drome patients and that APP aberration might predispose to 
cancer (Morris et al, 2010). APP is among the most overexpressed 
genes in acute myeloid leukemia patients with complex kary- 
otypes (Baldus etal., 2004) and in solid tumors (Arvidsson etal, 
2008; Krause etal., 2008). Promotion of the non-amyloidogenic 
pathway may be a promising novel treatment in AD (Bandy- 
opadhyay etal., 2007). Recently, there has been interest in the 
function of sAPPa in neurodevelopment and its relationship 
to autism (Sokol etal., 2006) and FXS (Westmark and Maker, 
2007). No specific tie has been found between p3 or AICD and 
autism. 

ADAM 17 is also involved in the processing of tumor necrosis 
TNF-a (tumor necrosis factor-alpha) at both the cell surface and 
within the trans-Golgi network (Black etal, 1997). This process, 
known as "shedding," involves cleavage and release of a soluble 
ectodomain from membrane-bound pro-proteins (such as pro- 
TNF-a), and is of known physiological importance (Black etal, 
1997), particularly in neoplastic proliferation (Xiao etal, 2012; 
Zheng et al., 2012). While ADAM 17 itself has not been specifically 
studied in association with autism, the cerebrospinal fluid to serum 
ratio for TNF-a is elevated in subjects with autism compared to 
other pathological states (Chez et al, 2007). Furthermore, linkage 
was found between a region of human chromosome 2 that contains 
the ADAM17 gene and autism (Allen-Brady et al., 2010). 

GENETICS OF AUTISM 

Twin studies, family studies, and predominately male distribution 
of the disorder attest to the heritability of autism. Twin studies have 
consistently shown that monozygotic twins are up to 1 0 times more 
likely to be concordant for autism than are dizygotic (Folstein and 
Rutter, 1977; Steffenburg et al, 1989; Bailey et al, 1995). This rate 
can be evaluated in comparison to other neurobiological disor- 
ders such as AD, depression, bipolar disorder, and schizophrenia 
(between 2:1 and 4:1), indicating a high heritability for autism 
(Gatz etal., 2006; Pennington, 2009). However, the significantly 
earlier-life pathogenesis of autism vs. these other disorders means 
that one cannot automatically exclude environmental "protective" 
influences potentially reducing net genetic influence on heritabil- 
ity in AD, schizophrenia, etc. Family studies (Piven and Palmer, 
1 999; Rutter, 2000) suggest that the risk of autism is 20-60% higher 
in siblings compared to in the general population. In addition, first 
degree relatives of individuals with autism were shown to be shy, 
aloof, and have problematic pragmatic language (Rutter, 2000), 
consistent with segregation of sub-threshold traits within these 
families (Abrahams and Geschwind, 2008). These and other asso- 
ciations have led to the definition of a "broad autism phenotype," 
which would suggest classifying autism as extreme manifestation 
of a normal human variation (Sucksmith etal., 2011) rather than 
inherently pathological in all its traits. 

Autism affects more boys than girls (4:1), a finding that 
has remained consistent since Kanner's first description in 
1945, despite the increasing prevalence of its diagnosis. The 



predominantly male ratio has been attributed to abnormality on 
the X chromosome, or to sex linkage or genomic imprinting 
(Marco and Skuse, 2006). However, such linkage has not been 
found in all cases of autism, suggesting the importance of genetic 
pathways other than the X chromosome. With rare exceptions, 
however, autism does not appear to be the action of a single 
gene inherited in a strictly Mendelian pattern, be it autosomal 
dominant, autosomal recessive, or X-linked (O'Roak and State, 
2008). 

So-called "rare" genetic variants may contribute to autism 
(Vorstman etal., 2006), although "rare" variants (disregarding 
specific disease associations) are overall quite common, with 
an estimated frequency of up to 3.4 such variants per per- 
son (Nelson etal, 2012). Cytogenetic, gene association, linkage, 
microarray technology, copy number variation (CNV) analysis 
and exome sequencing lead to estimates of chromosomal abnor- 
malities in autism that range from 6 to40% (Marshall et al., 2008; 
Pennington, 2009; Abrahams and Geschwind, 2010). Chromo- 
some regions associated with autism include chr2q37, chr7q22, 
chrl0q23, chrl7qll-21, chr22qll, chr22ql3, and chrl5qll-13 
(Sokol and Lahiri, 2011). Non-additive interaction among genes 
(epistasis) has been proposed to account for such a large range 
of chromosomal abnormality estimation (Poot etal., 2011; Ruzzo 
et al., 2012). Of course, this leads to the inescapable question, what 
accounts for the remaining 94-60% of autism not associated with 
chromosomal abnormalities? While numerous studies identifying 
candidate genes or markers have been reported, very few have been 
replicated (Losh etal., 2008). One solution to this problem is to 
study endophenotypes associated with autism (Duvall et al., 2007; 
de Geus, 2010). None of the endophenotype studies has produced 
a "definitive" solution. Instead of continuing down a single-cause 
(DNA mutation) path, it may be more useful to presume that 
autism is a complex disorder that depends upon interaction of 
multiple levels of organization, not amenable to simple genetic 
modeling. 

BRAIN ABNORMALITY IN AUTISM: HISTOLOGY AND 
POST-MORTEM ANATOMY 

Little to no abnormality is revealed by standard hematoxylin and 
eosin staining of autistic brain tissue (Casanova, 2007). Com- 
plex assessment is necessary to reliably determine differences, 
and research has required many samples to separate autistic 
from controls. Post-mortem brain studies of autism have been 
hindered by small sample sizes, with fewer than 150 autism 
cases studied to date, the majority of them adults. Therefore, 
the peak aberrant neurological growth identified by magnetic 
resonance imaging (MRI) studies has not yet been confirmed via 
neuropathology (Schumann and Nordahl, 2011). Often, findings 
cannot be repeated because the numbers of deaths is low in this 
group, and death is often due to a cause that is likely to have an 
effect on the histopathology, e. g., seizures. 

These difficulties notwithstanding, in post-mortem studies, evi- 
dence of autism-associated brain pathology includes disordered 
interregional connectivity (Courchesne and Pierce, 2005), includ- 
ing reduction in the size of the corpus callosum (Egaas etal., 
1995), minicolumn pathology (Casanova etal., 2006), deranged 
neuronal development (Bauman and Kemper, 1985; van Kooten 
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etal., 2008), and brain cyto architecture (Bauman and Kemper, 
1985), and irregularity in brain structures associated with social 
behavior (Stanfield et al., 2008; Wegiel et al, 2010). Macrocephaly 
is one of the most widely replicated biological findings in autism, 
affecting up to 20% of children with the condition (Aylward 
etal., 1999, 2002; McCaffery and Deutsch, 2005) and confirmed 
by MRI volumetric studies, described below (Piven etal, 1996; 
Courchesne etal., 2001; Aylward etal, 2002; Sokol and Edwards- 
Brown, 2004) and increased brain weight (Bauman and Kemper, 
1985; Bailey etal, 1993). While occipital-frontal head circum- 
ference (OFC) appears normal at birth, excessive brain growth 
occurs early, around the time symptoms appear. Later growth may 
plateau or decline to normal circumference in adulthood (McCaf- 
fery and Deutsch, 2005). Proposed mechanisms underlying brain 
enlargement include overproduction of synapses, failure of synap- 
tic pruning, excessive neurogenesis and gliogenesis, or reduction 
in cell death (McCaffery and Deutsch, 2005) 

Pathological studies of the frontal lobes of autistic brains, which 
subserve social relatedness, the ability to change set, and the persis- 
tence of repetitive behaviors, show increased microglial activation 
(Vargas etal., 2005), and volume (Morgan etal., 2010), indicat- 
ing potential neuroinfiammation. Frontal lobe spindle neurons 
(Schumann and Nordahl, 2011), showed no differences in adults 
(Kennedy et al., 2007), but there was an increased ratio of spindle 
neurons to pyramidal neurons in children (Santos etal, 2011). In 
adults, a poorly defined boundary was found at the frontal, pari- 
etal, and temporal lobe gray-white matter junctions, suggestive of 
abnormalities in neurogenesis or neuronal migration (Avino and 
Hutsler, 2010). 

Minicolumns, also known as microcolumns, are vertical 
columns of neurons organized into pathways and intrinsic circuits 
with a similar receptive field (Buxhoeveden etal, 2001, 2006). 
Casanova etal. (2002) found significant differences between the 
brains of autistic patients and controls in the number of mini- 
columns, in the horizontal spacing that separates cell columns, 
and in their internal structure. These findings have been essentially 
replicated (Buxhoeveden etal., 2006; Casanova etal, 2006) and 
indicate that excess proliferation of neurons early in development 
is followed by a decrease in dendritic arborization, account- 
ing for early overgrowth followed by normal brain volume in 
autism (Schumann and Nordahl, 2011). However, Casanova etal. 's 
(2007) later comparison of the minicolumns of three internation- 
ally distinguished neuroscientists vs. six non-scientist controls 
showed a minicolumn pattern similar to what they found for 
autism, although none of the scientists had reported autism-like 
symptomology. This was explained by noting that narrower mini- 
columns may favor discrimination and focused attention, two 
traits necessary for scientific achievement. On the other hand, 
autistic brains also have poorly synchronized and weak connec- 
tivity between brain regions. For example weak connectivity has 
been reported between the frontal cortex that supports decision 
making, the left temporal lobe that supports speech, and right tem- 
poral lobe that supports visual-spatial recognition (Courchesne 
and Pierce, 2005). This may explain how individuals with autism 
may lack facial recognition and have trouble verbally expressing 
their ideas. Human APP and Drosophila equivalent APPL can 
induce post-developmental axonal arborization in the Drosophila 



CNS after brain damage (Leyssen etal., 2005). Further, APP has 
been associated with neurogenesis and neuronal migration (Matt- 
son and Furukawa, 1998). Of particular note, knockdown of APP 
alters recruitment of interneurons in L5 and affects their laminar 
distribution (Lodato etal., 2011), which would likewise alter orga- 
nization and integration of neurons into functional neural circuits. 
While sAPPa has not yet been studied in regard to microcolumnar 
organization, amyloid-fi deposits have been shown to contribute 
to loss of microcolumnar organization (Buldyrev et al., 2000). APP 
may play a role in neuronal network connectivity; it's specific role 
in minicolumn development remains to be determined. 

There has been much work on neuropathology in the amyg- 
dala, known to be involved with the perception of fear, anxiety, 
and obsession-compulsion that would interfere with social rela- 
tions. Kemper and Bauman (1993 ) found unusually small, densely 
packed neurons in amygdale from older children and adults with 
autism compared to controls. Schumann and Amaral (2006) found 
fewer neurons in the total amygdala but no increase in neu- 
ronal density or decrease in the size of neurons from old children 
and adults. It has been speculated that an excessive number of 
neurons would be initially generated during early development 
with their subsequent elimination during adulthood (Schumann 
and Nordahl, 2011). This could explain inconsistent findings 
between the neuropathology studies and the amygdala enlarge- 
ment reported in the brain MRIs of younger children with autism 
(Sparks et al., 2002; Schumann et al., 2004; Schumann and Amaral, 
2006). 

BRAIN ABNORMALITY IN AUTISM: FINDINGS FROM 
MAGNETIC RESONANCE IMAGING 

Brain MRI studies indicate that very young children with autism 
(ages 18 months to 4 years) have a 5-10% abnormal enlargement 
in total brain volume (Courchesne etal., 2001, 2003; Sparks etal., 
2002), although increased size of the adult brain also has been 
reported (Piven etal., 1996). In addition, cross-sectional and lon- 
gitudinal specific enlargement of the frontal and temporal lobes 
has been found in 2 year olds with autism (Schumann et al, 2010), 
and increased size of the adult brain also has been reported (Piven 
et al., 1996). The amygdala also undergoes developmental enlarge- 
ment in young boys with autism (Sparks et al., 2002; Schumann 
et al., 2004) and later follows a growth trajectory different from 
controls. A recent longitudinal study of 38 children with autism 
and 21 controls showed enlargement of cortical volume (surface 
area), but not cortical thickness at age two compared to ages 4 
and 5 (Hazlett etal., 2011). Cortical surface area was linked to 
the number of minicolumns in the cortical layer (Rakic, 1988), 
while cortical thickness is thought to reflect dendritic arborization 
(Huttenlocher and Hapke, 1990). 

MECHANISMS OF APP IN AUTISM 

We have previously reported high levels of total plasma sAPP 
(including sAPPct) in a small sample of young children with 
severe autism and aggression (Sokol etal, 2006). These children 
expressed sAPP at two or more times the levels of children with- 
out autism and up to four times more than children with mild 
autism. Overall, there was a trend towards higher levels of both 
sAPPa and total sAPP in children with autism, combined with a 
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non-significant decrease in AfMO. This pointed toward the pos- 
sibility of increased non-amyloidogenic (growth-promoting or 
anabolic) processing in autism. These findings have been repli- 
cated and extended by an independent laboratory: Elevated plasma 
sAPPot was found in 60% of known autism children (n = 25) 
compared to healthy age-matched controls (Bailey etal., 2008). 
A recent follow up by our laboratory in a separate, larger set of 
autism and control patient plasma samples ( 1 6 autism, 1 8 control) , 
confirmed the original finding of significantly elevated sAPPa in 
plasma of severe autism patients, although without coexistant 
aggression (Ray etal, 2011). Elevation in sAPPot was not found 
with mild autism in either study. Crucially, this work showed 
a decrease in levels of both Af540 and Af542 in severely autistic 
patients compared to controls. 

In summary, APP is regulated by FMRP via the mGluR receptor 
(Westmark and Maker, 2007). Functional consequences of exces- 
sive mGluR signaling in absence of FMRP include prolongation of 
epileptic form bursts in hippocampal area CA3 (Bailey et al., 2008), 
elongation of dendritic spines on cultured hippocampal neurons 
(Vanderklish and Edelman, 2002) and long-term depression (LTD) 
in hippocampal area CA1 (Li et al., 2007). These findings are asso- 
ciated with the FXS clinical phenotypes: epilepsy, elongated and 
immature dendritic spines, and cognitive delay, according to the 
mGluR theory of FXS (Bear et al., 2004). 

If mGluR5 signaling is enhanced in FXS individuals, excessive 
APP translation would be expected, inevitably leading to higher 
sAPPa levels. As evidence shows that excessive mGluR5 signals 
favors an excitatory, anabolic state in FXS, we speculate that over- 
expression of the mGlur5 pathway and resultant higher sAPPa 
levels may likewise contribute to aggression, seizures, and intellec- 
tual deficit seen in severe autism. Further, it is hypothesized that 
such anabolism may contribute to brain overgrowth associated 
with autism. 

One mechanism by which sAPPa could contribute to brain 
overgrowth is by disrupting cell adhesion. Hazlett etal. (2011) 
showed that early brain enlargement typical of autism may be 
associated with increased surface area overgrowth due to faulty 
cell adhesion. One such mechanism would be faulty adhesion 
molecule P-catenin, a component of the cadherin protein com- 
plex that constitutes adherens junctions. Adhesion molecules are 
thought to reduce growth of brain progenitor cells. APP modu- 
lates P-catenin degradation in vitro and in vivo (Chen and Bodies, 
2007). Evidence also suggests that molecular defects in autism 
interfere with synaptic protein synthesis (Kelleher and Bear, 2008). 
Defects in translational repression would favor an anabolic state, 
underlying the autistic phenotypes of macrocephaly, cognitive 
impairment, and seizures. 

APP AND FMRP 

Protein synthesis is reduced in FXS, a rare neurodevelopmental 
condition (1 in 4000 males and 1 in 10,000 females; National Frag- 
ile X Foundation, 2013), associated with intellectual disability, and 
ASD in 2 in 3 males with FXS (Hatton et al., 2006). FXS is caused by 
a trinucleotide repeat (CGG repetitive sequence) in the promoter 
region of the fragile X mental retardation 1 gene (FMR1). This 
gene's product, FMRP, is important for normal brain development. 
FMRP is an RNA binding and carrier protein that carries the 



messages produced from many other genes to the synapse. FMRP 
is involved in both activity-dependent transport of target mRNAs 
and in regulation of local protein synthesis at the synapse (Bagni 
and Greenough, 2005). Local protein synthesis following synaptic 
activity is necessary for maintenance of some plastic changes at the 
synapse and likely it is important for changes in spine morphology 
(Grossman et al, 2006). Therefore, FMRP-mediated regulation of 
local protein synthesis is presumably essential for normal memory 
and learning. 

Fragile X mental retardation protein can be synthesized locally 
in proximal dendrites (Feng etal, 1997), or recruited to the 
synapse from more distant sites after mGluR activation (De Diego 
Otero et al, 2002). mGluRl/5 receptors are positioned in the post- 
synaptic membrane, where they activate a Gq-coupled second 
messenger system that transduces glutamate release into down- 
stream phosphorylation cascades. Activation can lead to either 
long-term potentiation (LTP) or LTD depending on cell type and 
brain location. Activation of mGluR5 releases FMRP-mediated 
translation repression and results in protein synthesis-dependent 
LTD (Bear etal, 2004). Functional consequences of excessive 
mGluR signaling in absence of FMRP include prolongation of 
epileptic form bursts in hippocampal area CA3 (Bailey et al., 2008), 
elongation of dendritic spines on cultured hippocampal neurons 
(Vanderklish and Edelman, 2002), and LTD in hippocampal area 
CA1 (Li etal., 2007). These findings are associated with the FXS 
clinical phenotypes: epilepsy, elongated, and immature dendritic 
spines, and cognitive delay, according to the mGluR theory of FXS 
(Bear etal, 2004). 

In the resting state, FMRP binds to and inhibits dendritic trans- 
lation of up to 4% of brain mRNAs including APP (De Rubeis 
and Bagni, 2010). APP is regulated by FMRP via the mGluR 
receptor (Westmark and Maker, 2007). If mGluR5 signaling is 
enhanced in autistic individuals, excessive APP translation would 
be expected, inevitably leading to higher sAPPa levels. Recently, we 
found elevated sAPPa in the plasma of children with FXS ( n = 18) 
compared to typically developing, age-matched controls (n = 18; 
Lahiri et al, 201 1). Further, levels of A(540 and Af542 were higher 
in FXS compared to controls (Lahiri et al., 201 1). Preliminary evi- 
dence for this same pattern, i.e., high levels of sAPPa and Af5, was 
found for a very small sample of left temporal lobe brain tissue 
of FXS (n = 2) compared to typically developing, age-matched 
control (n = 1). These results suggest investigating whether FXS 
receives a "double dose" of deleterious components from non- 
amyloidogenic and amyloidogenic pathways. Af540 and Af542 levels 
were significantly higher in two strains of fmr-1 knockout mice 
compared to wild type (Westmark and Maker, 2007). Genetic 
downregulation of mGluR5 signaling has reversed behavioral 
deficits in fmr-1 knockout mice (Dolen etal, 2007; Dolen and 
Bear, 2008) . Simple mGluR5 antagonism, predicted to reduce APP 
via the anabolic pathway (Sokol etal, 2011), may reverse these 
effects in humans. 

APP IN THE Ras/ERK AND PI3K/Atk/mT0R PATHWAYS 

The Ras small GTPase/extracellular signal-regulated kinase 
(Ras/ERK) and phosphoinositide 3 kinase/protein kinase B/ 
mammalian target of rapamycin (PI3K/Akt/mTOR) signaling 
pathways pair synaptic activity to the translational machinery and 



Frontiers in Cellular Neuroscience 



www.frontiersin.org 



June 2013 | Volume 7 | Article 94 | 6 



Lahiri etal. 



Autism and APP-mediated anabolic pathway 



are also involved in protein synthesis-dependent LTP and LTD 
(Kelleher and Bear, 2008). Mutation of the proteins which regulate 
these pathways associates with high prevalence of autism and intel- 
lectual deficit (Levitt and Campbell, 2009). Inactivating mutations 
of several negative regulators of the ERK and mTOR pathways, 
such as neurofibromin (neurofibromatosis type 1), harmartin, and 
tuberin (tuberous sclerosis), and PTEN (phosphatase and tensin 
homolog) are responsible for genetic disorders with a high preva- 
lence of cognitive impairment and autism (Levitt and Campbell, 
2009). In the absence of functional proteins, these pathways are 
"turned on" to excess. These signaling pathways are activated not 
only by mGluR receptors, but also NMDA and neurotrophin Trk 
receptors ( Kelleher and Bear, 2008 ) . Ras/ERK is activated by sAPPa 
(Demars et al.,201 1), its secretase ADAM17 (Diaz-Rodriguez et al, 
2002), and neurotrophin Trk receptors. TrkB has the highest affin- 
ity to the binding of brain-derived neurotrophic factor (BDNF), 
a growth factor with important roles in the survival and func- 
tion of neurons and linked to both ASD and AD (Nickl-Jockschat 
and Michel, 2011). Indeed, effects of acamprosate (N-acetyl- 
homotaurine) on behavior and BDNF recently has been studied in 
youth with FXS (Erickson etal, 2013). The researchers suggested 
that the increased BDNF levels with treatment may serve as a useful 
pharmacodynamic marker, which is consistent with the proposed 
anabolic model. It would be interesting to test whether a change in 
sAPPa levels could serve as another important pharmacodynamic 
marker in neurodevelopmental disorders. 

The PBK/Akt/mTOR pathway is an FMRP-dependent path- 
way (Narayanan etal., 2008). PTEN is a negative regulator of the 
PI3K pathway. PTEN mutation phenotypes include brain tumors, 
macrocephaly, and autism (Butler etal., 2005; Kerr etal., 2006). 
There is evidence that sAPPa, specifically, induces cellular pro- 
liferation through the PI3K/mTOR pathway (Cheng etal., 2002), 
and sAPPa activates Akt (Demars et al., 201 1). 

APP AND PROTEIN KINASE C 

Reduced activity of protein kinase C (PKC) associates with regres- 
sive autism (Ji etal., 2012). A linear relationship has been noted 
between reduction in PKC activity and restricted, repetitive, and 
stereotyped behaviors (Ji etal., 2012). Likewise, specific haplo- 
types in the protein kinase c-f5 (PRKB1) gene are associated with 
autism (Philippi et al., 2005). Protein phosphorylation by kinases 
including PKC drives APP processing toward the anabolic a- 
secretase pathway (Buxbaum etal., 1990; Caporaso etal., 1992). 
This apparently contradicts the anabolic hypothesis and would 
require further study. 

THE UNIFYING EPIGENETIC LEARn MODEL IN AUTISM 

Amyloid-|3 precursor protein's role in FMRP, ERK, and mTOR 
pathways is consistent with an overall, pro-growth, anti-apoptotic 
role for APP. In a situation of nerve growth factor withdrawal, 
Afi production is upregulated, leading to neuronal apoptosis 
(Matrone etal., 2008). In this way, APP activates both trophic 
(through sAPPct) and apoptotic (through A|3) pathways, and the 
predominance of one may determine pathology: autism vs. AD. 
The finding that the same gene can promote anabolism and 
catabolism is reminiscent of FMRP's role in FXS and Fragile 
X-associated tremor/ataxia syndrome (FXTAS) found in subsets 



of older adults harboring FMR1 premutations (Hagerman etal, 
2001). FXTAS is a condition of progressive tremor and ataxia in 
individuals who show no pre-morbid cognitive deficits, develop- 
ing over the age of 50. Dementia occurs in a subset of those with 
FXTAS. It is believed that FXS is caused by FMRP loss of function, 
and FXTAS is caused by an FMR1 mRNA gain of function toxicity 
(Sokol et al., 201 1 ) . In the case of APP, loss of function would favor 
the amyloidogenic pathway leading to AD while gain of function 
toxicity would favor the non-amyloidogenic pathway leading to 
excessive ADAM 17, sAPPa, and brain overgrowth associated with 
autism. 

Autism is a complicated disorder for which many mod- 
els combining genetic and external factors have been proposed 
(Newschaffer etal, 2007; Abrahams and Geschwind, 2008; Pen- 
nington, 2009). A key point of the anabolic hypothesis is that, 
unlike many genetic models, it is not a "change of function" model. 
Genetic models based on coding sequence variation have gener- 
ally presupposed that a pathogenic variant results in loss or gain of 
function for a protein. The anabolic hypothesis, on the other hand, 
does not propose qualitative differences in the activities of the par- 
ticipating molecules. Instead, it is a quantitative model. Variation 
in activity levels spells the difference between health and disorder. 
Qualitative mutation in associated proteins could be informative, 
particularly loss of function mutations, as these would effectively 
mimic variations that result in atypically low levels of a protein 
of interest. Likewise, gain of function mutations could essentially 
mimic effects of atypically high levels of a protein, which permit a 
minority function to reach a critical threshold. 

Our basis for preferring an epigenetic explanation is a response 
to dead ends and results from purely genetic models that fell very 
far short of original expectations. Laying out matters plainly, no 
genetic model has proved adequate to explain non-syndromic 
autism, the condition's most common form. Ever-finer, ever- 
broader GWAS or other genetic studies have repeatedly failed to 
find the magic target. As a result, models have had to resort to ever- 
more Byzantine multi-gene invocations (Allen-Brady et al., 2009; 
Anney et al, 2010). We propose an epigenetic model specifically in 
the face of the failure of purely genetic presumptions, which may 
have come to the point of invoking a "hidden variable" argument 
analogous to those used by opponents of quantum physics. 

Many of the proteins implicated in the anabolic hypothesis are 
subject to or take part in epigenetic regulation. FMR1 has mul- 
tiple phenotypes depending upon variable DNA methylation (de 
Vries etal, 1996). Regulation of critical APP protein processing 
enzymes was altered by changes in DNA methylation (Fuso et al., 
2005). ERK/mitogen-activated protein kinases (MAPK) signal- 
ing activity drives epigenetic modification that underlies stress, 
learning, and memory processes (Trollope etal., 2012). It is now 
accepted that epigenetic states can change after birth, including 
by age-related drift (Martin, 2005) and specific changes associated 
with late-life neurological disorders, such as AD (Poulsen et al., 
2007; Wang et al., 2008). Epigenetic changes can occur in response 
to environmental stressors, such as exposure to heavy metals (Wu 
et al., 2008) and famine (Hughes et al., 2009; Martin-Gronert and 
Ozanne, 2010). Of particular interest is that these exposures can 
have occurred in the previous generation, before conception, with 
effects passed along to offspring (Flory et al., 2011). 
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FIGURE 2 | sAPPct as a network activator in anabolic etiology of autism. 

The sAPPa product has multiple functions that can contribute to neuronal 
overgrowth and increase risk of autism. Specifically, sAPPa, produced by 
a-secretase activity of proteins such as ADAM17, acts on its own as a cell 
growth factor, stimulates neuronal migration, induces synaptogenesis, and 
promotes cellular adhesion, all of which lead to neuroproliferation. In addition, 
sAPPa activates ERK and Akt, which in turn also lead to neuroproliferation. 
(A) Under normal development, these processes result in normal growth. 




(B) sAPPa can contribute to anabolic etiology of autism through several 
potential pathways, including overexpression of APR Such overexpression 
could be from derepression via FMRP deficiency, as in FXS. It must be 
stressed that this is not the only possible cause of APP overexpression and is 
cited simply as one of many potential examples. Increase in APP would lead 
to greater sAPPa through the already dominant a-secretase pathway. This 
would directly and indirectly lead to excess neuroproliferation through 
multiple pathways, which would contribute to autism. 
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In addition to the already-mentioned effect of DNA methyla- 
tion status on PM£i-associated phenotypes (de Vries et al, 1996), 
abnormal DNA methylation was found in the 5'-CpG island for 
the UBE3A gene of autistic subjects (Jiang etal., 2004). The oxy- 
tocin receptor gene has aberrant DNA methylation in its CpG 
island, depending upon autism status (Gregory et al, 2009). These 
specific differences were reflected in a wider scale across prefrontal 
cortex neurons, which showed changes in chromatin structure at 
multiple gene loci associated with neuronal connectivity, social 
behaviors, and cognition, with altered levels of corresponding 
transcripts (Shulha et al., 2012). Even the X chromosome associa- 
tion explanation for the predominance of male autistic patients has 
been questioned on epigenetic grounds. Specifically, sex hormone 
activity mediates epigenetic modifications of DNA and histones, 
increasing or decreasing risk of various diseases, such as autism 
(Kaminsky etal, 2006). 

Finally, to address the function of APP-in the anabolic hypoth- 
esis, while evidence exists for levels of anabolic forms of APP (e.g., 
sAPPa) to contribute to autism, as we have outlined herein, no 
specific genetic link has as of yet been reported in the literature. 
We suggest that lack of discovery may be due to lack of presence. 
A testable alternative hypothesis to explain APP's role would be 
epigenetic pathways. 

Many workers have proposed that autism is a result of complex 
interaction between genetic and environmental factors (Newschaf- 
fer et al, 2007; Costa e Silva, 2008; Dufault et al., 2012). A specific, 
testable expression of such concepts would be the LEARn model 
(Lahiri etal., 2009; Maloney etal., 2012) in which complex neu- 
rological disorders require multiple "hits" to clinically manifest. 
Earlier hits would be latent epigenetic markers until sufficient crit- 
ical hits are accumulated by a necessary life span cutoff point, at 
which time a disorder would become apparent. Should insuffi- 
cient hits be suffered, or should hits be successfully detected and 
remediated before the developmental threshold occurs, no disease 
would appear. 



In terms of autism, hits of interest could be those of early 
post-natal development, particularly any that turned out to be 
associated with DNA oxidation or DNA hypomethylation. These 
two particular environmentally induced gene sequence lesions 
have already been shown to be amenable to dietary remediation 
by addition of S-adenosyl methionine, which resulted in rever- 
sal of induced hypomethylation (Rogers etal, 2004; Chan and 
Shea, 2006; Howard et al, 201 1; Jousse et al, 201 1). Likewise DNA 
methylation status can be altered by social interaction, such as 
differences in maternal care and rearing practices (Szyf, 2007; 
Champagne and Curley, 2009; McGowan etal, 2009). LEARn- 
informed research could produce rational relationships for therapy 
and brain biochemistry in autism and early autistic conditions. 

CONCLUSION 

It is impossible to reduce ASDs to a direct, short-term etiology 
or collection of simple factors. Instead, etiology of multiple path- 
ways and gene products probably underlie the condition. This is 
not to say that none of these could be critical. One such possible 
fundamental target would be APP at the nexus of neuroprolifer- 
ation and neural pruning and its interaction with networks such 
as FMRP/mGluR, ERK/MAPK, and PI3K/mTOR (Figure 2). This 
presents a possible handle upon autism etiology, should sAPPa 
contribute to anabolic pathogenesis of the disorder. Of partic- 
ular value is the evidence that APP dysfunction is more likely 
due to environmental/epigenetic interaction rather than strict 
genetic variation. Such dependency may permit environmental, 
e.g., dietary, remediation, as mentioned herein, and possible 
reversal at early stages of a disorder. 

ACKNOWLEDGMENTS 

This work was supported by IU collaborative research grant "Amy- 
loid Precursor Protein Brain Neuronal Markers in Children With 
Autism." Debomoy K. Lahiri was also partially supported by NIH 
AG18379 andAG18884. 



REFERENCES 

Abrahams, B. S., and Geschwind, D. H. 
(2008). Advances in autism genetics: 
on the threshold of a new neurobiol- 
ogy. Nat. Rev. Genet. 9, 341-355. doi: 
10.1038/nrg2346 

Abrahams, B. S., and Geschwind, D. H. 
(2010). Connecting genes to brain 
in the autism spectrum disorders. 
Arch. Neurol. 67, 395-399. doi: 
10.1001/archneurol.2010.47 

Allen-Brady, K., Miller, J., Matsunami, 
N., Stevens, J., Block, H., Farley, 
M., etal. (2009). A high-density 
SNP genome-wide linkage scan in 
a large autism extended pedigree. 
Mol. Psychiatry 14, 590-600. doi: 
10.1038/mp.2008.14 

Allen-Brady, K., Robison, R., Cannon, 
D., Varvil, T., Villalobos, M, Pin- 
gree, C., etal. (2010). Genome-wide 
linkage in Utah autism pedigrees. 
Mol. Psychiatry 15, 1006-1015. doi: 
10.1038/mp.2009.42 



Anney, R., Klei, L., Pinto, D., Regan, 
R., Conroy, J., Magalhaes, T. R., etal. 
(2010). A genome-wide scan for com- 
mon alleles affecting risk for autism. 
Hum. Mol. Genet. 19, 4072-4082. doi: 
10.1093/hmg/ddq307 

Arvidsson, Y., Andersson, E., Bergstrom, 
A., Andersson, M. K., Altiparmak, G., 
Illerskog, A. C, et al. (2008). Amyloid 
precursor-like protein 1 is differen- 
tially upregulated in neuroendocrine 
tumours of the gastrointestinal tract. 
Endocr. Relat. Cancer 15, 569-581. 
doi: 10.1677/ERC-07-0145 

Autism, and Developmental Disabilities 
Monitoring Network Surveillance 
Year 2008 Principal Investigators 
and Centers for Disease Control and 
Prevention. (2012). Prevalence of 
autism spectrum disorders-Autism 
and Developmental Disabilities 
Monitoring Network, 14 sites, United 
States, 2008. MMWR Surveill. Summ. 
61, 1-19. 



Avino, T. A., and Hutsler, J. J. 
(2010). Abnormal cell patterning 
at the cortical gray-white matter 
boundary in autism spectrum disor- 
ders. Brain Res. 1360, 138-146. doi: 
10.1016/j.brainres.2010.08.091 

Aylward, E. H., Minshew, N. J., Field, 
K., Sparks, B. E, and Singh, N. 
(2002). Effects of age on brain 
volume and head circumference in 
autism. Neurology 59, 175-183. doi: 
10.1212/WNL.59.2.175 

Aylward, E. H., Minshew, N. J., Gold- 
stein, G., Honeycutt, N. A., Augus- 
tine, A. M., Yates, K. O., etal. 
(1999). MRI volumes of amyg- 
dala and hippocampus in non- 
mentally retarded autistic adoles- 
cents and adults. Neurology 53, 
2145-2150. doi: 10.1212/WNL.53.9. 
2145 

Bagni, C, and Greenough, W. T. (2005). 
From mRNP trafficking to spine dys- 
morphogenesis: the roots of fragile 



X syndrome. Nat. Rev. Neurosci. 6, 
376-387. doi: 10.1038/nrnl667 

Bailey, A., Le Couteur, A., Gottes- 
man, I., Bolton, P., Simonoff, E., 
Yuzda, E., etal. (1995). Autism 
as a strongly genetic disorder: evi- 
dence from a British twin study. 
Psychol Med. 25, 63-77. doi: 
10.101 7/S003329 1 700028099 

Bailey, A., Luthert, P., Bolton, P., Le Cou- 
teur, A., Rutter, M., and Harding, B. 
(1993). Autism and megalencephaly. 
Lancet 341, 1225-1226. doi: 
10.1016/0140-6736(93)91065-T 

Bailey, A. R., Giunta, B. N., Obregon, D., 
Nikolic, W. V., Tian, J., Sanberg, C. D., 
etal. (2008). Peripheral biomarkers 
in Autism: secreted amyloid precur- 
sor protein-alpha as a probable key 
player in early diagnosis. Int. J. Clin. 
Exp. Med. 1,338-344. 

Baldus, C. D., Liyanarachchi, S., 
Mrozek, K., Auer, H., Tanner, S. 
M., Guimond, M., etal. (2004). 



Frontiers in Cellular Neuroscience 



www.frontiersin.org 



June 2013 | Volume 7 | Article 94 | 9 



Lahiri etal. 



Autism and APP-mediated anabolic pathway 



Acute myeloid leukemia with com- 
plex karyotypes and abnormal chro- 
mosome 21: Amplification discloses 
overexpression of APP, ETS2, and 
ERG genes. Proc. Natl. Acad. Sci. 
U.S.A. 101, 3915-3920. doi: 10.1073/ 
pnas.0400272101 

Bandyopadhyay, S., Goldstein, L. E., 
Lahiri, D. K., and Rogers, J. T. 
(2007). Role of the APP non- 
amyloidogenic signaling pathway and 
targeting alpha-secretase as an alter- 
native drug target for treatment 
of Alzheimer's disease. Curr. Med. 
Chem. 14, 2848-2864. doi: 10.2174/ 
092986707782360060 

Barger, S. W., and Harmon, A. D. ( 1997) . 
Microglial activation by Alzheimer 
amyloid precursor protein and mod- 
ulation by apolipoprotein E. Nature 
388, 878-881. doi: 10.1038/42257 

Bauman, M., and Kemper, T. L. 
(1985). Histoanatomic observations 
of the brain in early infantile 
autism. Neurology 35, 866-874. doi: 
10.1212/WNL.35.6.866 

Bear, M. R, Huber, K. M., and War- 
ren, S. T. (2004). The mGluR the- 
ory of fragile X mental retardation. 
Trends Neurosci. 27, 370-377. doi: 
10.1016/j.tins.2004.04.009 

Bell, K. E, Zheng, L., Fahrenholz, 
E, and Cuello, A. C. (2008). 
ADAM- 10 over-expression increases 
cortical synaptogenesis. Neuro- 
biol. Aging 29, 554-565. doi: 
10.1016/j.neurobiolaging.2006.11.004 

Bhaskar, K., Miller, M., Chludzin- 
ski, A., Herrup, K., Zagorski, M., 
and Lamb, B. T. (2009). The PI3K- 
Akt-mTOR pathway regulates Abeta 
oligomer induced neuronal cell cycle 
events. Mol. Neurodegener. 4, 14. doi: 
10.1186/1750-1326-4-14 

Black, R. A, Rauch, C. T, Kozlosky, 
C. J., Peschon, J. J., Slack, J. L., 
Wolfson, M. E, et al. (1997). A metal- 
loproteinase disintegrin that releases 
tumour-necrosis factor-alpha from 
cells. Nature 385, 729-733. doi: 
10.1038/385729a0 

Blumberg, S. J., Bramlett, M. D., Kogan, 
M. D., Schieve, L. A., and Jones, J. 
R. (2013). Changes in Prevalence of 
Parent-reported Autism Spectrum Dis- 
order in School-aged U.S. Children: 
2007 to 2011-2012. National Health 
Statistics Report. Washington: U.S. 
Department of Health and Human 
Services. 

Buldyrev, S. V., Cruz, L., Gomez-Isla, 
T., Gomez-Tortosa, E., Havlin, S-, 
Le, R., etal. (2000). Description of 
microcolumnar ensembles in associ- 
ation cortex and their disruption in 
Alzheimer and Lewy body dementias. 
Proc. Natl. Acad. Sci. U.S.A. 97, 5039- 
5043. doi: 10.1073/pnas.060009897 



Butler, M. G, Dasouki, M. J., Zhou, 
X. P., Talebizadeh, Z., Brown, M., 
Takahashi, T. N., etal. (2005). Sub- 
set of individuals with autism spec- 
trum disorders and extreme macro - 
cephaly associated with germline 
PTEN tumour suppressor gene muta- 
tions. /. Med. Genet. 42, 318-321. doi: 
10.1136/jmg.2004.024646 

Buxbaum, J. D., Gandy, S. E., Cic- 
chetti, P., Ehrlich, M. E., Czernik, 
A. J., Fracasso, R. P., etal. (1990). 
Processing of Alzheimer beta/A4 
amyloid precursor protein: modu- 
lation by agents that regulate pro- 
tein phosphorylation. Proc. Natl. 
Acad. Sci. U.S.A. 87, 6003-6006. doi: 
10. 1073/pnas.87. 15.6003 

Buxhoeveden, D. P., Semendeferi, 
K., Buckwalter, J., Schenker, N., 
Switzer, R., and Courchesne, E. 
(2006). Reduced minicolumns in 
the frontal cortex of patients with 
autism. Neuropathol. Appl. Neurobiol. 
32, 483-491. doi: 10. 1 1 1 1365- 
2990.2006.00745.x 

Buxhoeveden, D. P., Switala, A. E., 
Litaker, M., Roy, E., and Casanova, 
M. F. (2001). Lateralization of mini- 
columns in human planum tempo- 
rale is absent in nonhuman primate 
cortex. Brain Behav. Evol. 57, 349- 
358. doi: 10.1159/000047253 

Caporaso, G. L., Gandy, S. E., Buxbaum, 
J. D., Ramabhadran, T. V., and Green- 
gard, P. (1992). Protein phosphoryla- 
tion regulates secretion of Alzheimer 
beta/A4 amyloid precursor protein. 
Proc. Natl. Acad. Sci. U.S.A. 89, 3055- 
3059. doi: 10.1073/pnas.89.7.3055 

Casanova, M. F. (2007). The neu- 
ropathology of autism. Brain Pathol. 
17, 422-433. doi: 10. 1 1 1 1/j. 1750- 
3639.2007.00100.x 

Casanova, M. E, Buxhoeveden, D. 
P., Switala, A. E., and Roy, E. 
(2002). Minicolumnar pathology in 
autism. Neurology 58, 428-432. doi: 
10.1212/WNL.58.3.428 

Casanova, M. F, Switala, A. E., Trippe, 
J., and Fitzgerald, M. (2007). Com- 
parative minicolumnar morphom- 
etry of three distinguished scien- 
tists. Autism 11, 557-569. doi: 
10.1177/1362361307083261 

Casanova, M. E, Van Kooten, I. A., 
Switala, A. E., Van Engeland, H., 
Heinsen, H., Steinbusch, H. W, etal. 
(2006). Minicolumnar abnormalities 
in autism. Acta Neuropathol. 112, 
287-303. doi: 10.1007/s00401-006- 
0085-5 

Champagne, F. A., and Curley, J. 
P. (2009). Epigenetic mechanisms 
mediating the long-term effects of 
maternal care on development. Neu- 
rosci. Biobehav. Rev. 33, 593-600. doi: 
10.1016/j.neubiorev.2007.10.009 



Chan, A, and Shea, T. B. (2006). Sup- 
plementation with apple juice attenu- 
ates presenilin- 1 overexpression dur- 
ing dietary and genetically-induced 
oxidative stress. /. Alzheimers Dis. 10, 
353-358. 

Chen, Y., and Bodies, A. M. (2007). 
Amyloid precursor protein modu- 
lates beta-catenin degradation. /. 
Neuroinflammation 4, 29. doi: 
10.1186/1742-2094-4-29 

Cheng, G, Yu, Z., Zhou, D, 
and Mattson, M. P. (2002). 
Phosphatidylinositol-3-kinase-Akt 
kinase and p42/p44 mitogen- 
activated protein kinases mediate 
neurotrophic and excitoprotec- 
tive actions of a secreted form of 
amyloid precursor protein. Exp. 
Neurol. 175, 407-414. doi: 10.1006/ 
exnr.2002.7920 

Chez, M. G, Dowling, T, Patel, P. 
B., Khanna, P., and Kominsky, M. 
(2007). Elevation of tumor necro- 
sis factor-alpha in cerebrospinal fluid 
of autistic children. Pediatr. Neu- 
rol. 36, 361-365. doi: 10.1016/ 
j.pediatrneurol.2007.01.012 

Costa e Silva, J. A. (2008). Autism, 
a brain developmental disor- 
der: some new pathopysiologic 
and genetics findings. Metabolism 
57(Suppl. 2), S40-S43. doi: 10.1016/ 
j.metabol.2008.07.005 

Courchesne, E., Carper, R., and 
Akshoomoff, N. (2003). Evidence of 
brain overgrowth in the first year of 
life in autism. JAMA 290, 337-344. 
doi: 10.1001/jama.290.3.337 

Courchesne, E., Karns, C. M., Davis, 
H. R., Ziccardi, R., Carper, R. A., 
Tigue, Z. D., etal. (2001). Unusual 
brain growth patterns in early life 
in patients with autistic disorder: an 
MRI study. Neurology 57, 245-254. 
doi: 10.1212/WNL.57.2.245 

Courchesne, E., and Pierce, K. 
(2005). Why the frontal cortex in 
autism might be talking only to 
itself: local over-connectivity but 
long-distance disconnection. Curr. 
Opin. Neurobiol. 15, 225-230. doi: 
10.1016/j.conb.2005.03.001 

De Diego Otero, Y., Severijnen, L. 
A., Van Cappellen, G, Schrier, 
M., Oostra, B., and Willemsen, 
R. (2002). Transport of fragile X 
mental retardation protein via gran- 
ules in neurites of PC12 cells. Mol. 
Cell. Biol. 22, 8332-8341. doi: 
10.1128/MCB.22.23.8332-8341.2002 

de Geus, E. J. (2010). From geno- 
type to EEG endophenotype: a route 
for post-genomic understanding of 
complex psychiatric disease? Genome 
Med. 2, 63. doi: 10.1186/gml84 

Demars, M. P., Bartholomew, A., 
Strakova, Z., and Lazarov, O. (2011). 



Soluble amyloid precursor protein: 
a novel proliferation factor of adult 
progenitor cells of ectodermal and 
mesodermal origin. Stem Cell Res. 
Ther. 2, 36. doi: 10.1186/scrt77 
De Rubeis, S., and Bagni, C. (2010). 
Fragile X mental retardation pro- 
tein control of neuronal mRNA 
metabolism: insights into mRNA 
stability. Mol. Cell. Neurosci. 43, 
43-50. doi: 10.1016/j.mcn.2009. 
09.013 

Deuss, M., Reiss, K., and Hart- 
mann, D. (2008). Part-time alpha- 
secretases: the functional biology 
of ADAM 9, 10 and 17. Curr. 
Alzheimer Res. 5, 187-201. doi: 
10.2174/156720508783954686 

de Vries, B. B., Jansen, C. C, Duits, 
A. A., Verheij, C, Willemsen, R., 
Van Hemel, J. O., etal. (1996). 
Variable FMR1 gene methylation of 
large expansions leads to variable 
phenotype in three males from one 
fragile X family. /. Med. Genet. 
33, 1007-1010. doi: 10.1136/jmg.33. 
12.1007 

Diaz-Rodriguez, E., Montero, J. C, 
Esparis-Ogando, A., Yuste, L., and 
Pandiella, A. (2002). Extracellular 
signal- regulated kinase phosphory- 
lates tumor necrosis factor alpha- 
converting enzyme at threonine 735: 
a potential role in regulated shedding. 
Mol. Biol. Cell 13, 2031-2044. doi: 
10.1091/mbc.01-ll-0561 

Dolen, G, and Bear, M. F. (2008). Role 
for metabotropic glutamate recep- 
tor 5 (mGluR5) in the pathogenesis 
of fragile X syndrome. /. Physiol. 
586, 1503-1508. doi: 10.1113/jphys- 
iol.2008.150722 

Dolen, G, Osterweil, E., Rao, B. 
S., Smith, G. B., Auerbach, B. D., 
Chattarji, S., etal. (2007). Cor- 
rection of fragile X syndrome in 
mice. Neuron 56, 955-962. doi: 
10.1016/j.neuron.2007.12.001 

Dufault, R., Lukiw, W. J., Crider, R., 
Schnoll, R., Wallinga, D., and Deth, R. 
(2012). A macroepigenetic approach 
to identify factors responsible for 
the autism epidemic in the United 
States. Clin. Epigenetics 4, 6. doi: 
10.1186/1868-7083-4-6 

Duvall, J. A., Lu, A., Cantor, R. M., 
Todd, R. D., Constantino, J. N., 
and Geschwind, D. H. (2007). A 
quantitative trait locus analysis of 
social responsiveness in multiplex 
autism families. Am. J. Psychiatry 1 64, 
656-662. doi: 10.1176/appi.ajp.l64. 
4.656 

Egaas, B., Courchesne, E., and Saitoh, 
O. (1995). Reduced size of cor- 
pus callosum in autism. Arch. Neu- 
rol. 52, 794-801. doi: 10.1001/arch- 
neur.1995.00540320070014 



Frontiers in Cellular Neuroscience 



www.frontiersin.org 



June 2013 I Volume 7 | Article 94 | 10 



Lahiri etal. 



Autism and APP-mediated anabolic pathway 



Erickson, C. A., Wink, L. K., Ray, 
B., Early, M. C, Stiegelmeyer, E., 
Mathieu-Frasier, L., etal. (2013). 
Impact of acamprosate on behavior 
and brain-derived neurotrophic fac- 
tor: an open-label study in youth 
with fragile X syndrome. Psychophar- 
macology (Bed.) doi: 10.1007/ 
s00213-013-3022-z [Epub ahead of 
print] . 

Feng, Y., Gutekunst, C. A., Eberhart, D. 
E., Yi, H., Warren, S. T., and Her- 
sch, S. M. (1997). Fragile X mental 
retardation protein: nucleocytoplas- 
mic shuttling and association with 
somatodendritic ribosomes. /. Neu- 
rosci. 17, 1539-1547. 

Flory, J. D., Bierer, L. M., and 
Yehuda, R. (2011). Maternal exposure 
to the holocaust and health com- 
plaints in offspring. Dis. Markers 30, 
133-139. doi: 10.3233/DMA-2011- 
0748 

Folstein, S., and Rutter, M. (1977). 
Infantile autism: a genetic study of 21 
twin pairs. /. Child Psychol. Psychiatry 
18, 297-321. doi: 10.1 11 1/j. 1469- 
7610.1977.tb00443.x 

Fuso, A., Seminara, L., Cavallaro, R. A., 
D'Anselmi, E, and Scarpa, S. (2005). 
S-adenosylmethionine/homocysteine 
cycle alterations modify DNA 
methylation status with conse- 
quent deregulation of PS1 and BACE 
and beta-amyloid production. Mol 
Cell Neurosci. 28, 195-204. doi: 
10.1016/j.mcn.2004.09.007 

Gatz, M., Reynolds, C. A., Fratiglioni, 
L., Johansson, B., Mortimer, J. A., 
Berg, S., etal. (2006). Role of genes 
and environments for explaining 
Alzheimer disease. Arch. Gen. Psychi- 
atry 63, 168-174. doi: 10.1001/arch- 
psyc.63.2.168 

Gooz, P., Gooz, M., Baldys, A., 
and Hoffman, S. (2009). ADAM- 
17 regulates endothelial cell mor- 
phology, proliferation, and in vitro 
angiogenesis. Biochem. Biophys. 
Res. Commun. 380, 33-38. doi: 
10.1016/j.bbrc.2009.01.013 

Gregory, S. G, Connelly, J. J., Towers, A. 
J., Johnson, J., Biscocho, D., Marku- 
nas, C. A., etal. (2009). Genomic 
and epigenetic evidence for oxytocin 
receptor deficiency in autism. BMC 
Med. 7:62. doi: 10.1186/1741-7015- 
7-62 

Grossman, A. W., Aldridge, G. M., 
Weiler, I. J., and Greenough, W. 
T. (2006). Local protein synthesis 
and spine morphogenesis: Fragile 
X syndrome and beyond. /. Neu- 
rosci. 26, 7151-7155. doi: 10.1523/ 
JNEUROSCI. 1 790-06.2006 

Hagerman, R. J., Leehey, M., Heinrichs, 
W., Tassone, E, Wilson, R., Hills, 
J., etal. (2001). Intention tremor, 



parkinsonism, and generalized brain 
atrophy in male carriers of frag- 
ile X. Neurology 57, 127-130. doi: 
10.1212/WNL.57.1.127 

Hardy, J. (2009). The amyloid hypoth- 
esis for Alzheimer's disease: a crit- 
ical reappraisal. /. Neurochem. 110, 
1129-1134. doi: 10. 1 1 1 1/j. 1471 - 
4159.2009.06181.x 

Hatton, D. D., Sideris, J., Skinner, 
M., Mankowski, J., Bailey, D. B. 
Jr., Roberts, J., etal. (2006). Autis- 
tic behavior in children with fragile 
X syndrome: prevalence, stability, 
and the impact of FMRR Am. J. 
Med. Genet. A 140A, 1804-1813. doi: 
10.1002/ajmg.a.31286 

Hazlett, H. C, Poe, M. D., Gerig, G., 
Styner, M., Chappell, C, Smith, R. 
G., etal. (2011). Early brain over- 
growth in autism associated with an 
increase in cortical surface area before 
age 2 years. Arch. Gen. Psychiatry 68, 
467-476. doi: 10.1001/archgenpsy- 
chiatry.2011.39 

Howard, T. D., Ho, S. M., Zhang, 
L., Chen, J., Cui, W, Slager, R., 
et al. (201 1). Epigenetic changes with 
dietary soy in cynomolgus mon- 
keys. PLoS ONE 6:e26791. doi: 
10.1371/journal.pone.0026791 

Hughes, L. A., Van Den Brandt, P. 
A., De Bruine, A. P., Wouters, K. 
A., Hulsmans, S., Spiertz, A., etal. 
(2009). Early life exposure to famine 
and colorectal cancer risk: a role 
for epigenetic mechanisms. PLoS 
ONE 4:e7951. doi: 10.1371/jour- 
nal.pone.0007951 

Huttenlocher, P. R., and Hapke, R. 
J. (1990). A follow-up study of 
intractable seizures in childhood. 
Ann. Neurol. 28, 699-705. doi: 
10.1002/ana.410280516 

Ji, L., Chauhan, A., and Chauhan, V. 
(2012). Reduced activity of protein 
kinase C in the frontal cortex of 
subjects with regressive autism: rela- 
tionship with developmental abnor- 
malities. Int. J. Biol. Sci. 8, 1075-1084. 
doi: 10.7150/ijbs.4742 

Jiang, Y. H., Sahoo, T, Michaelis, R. C, 
Bercovich, D., Bressler, J., Kashork, 
C. D., etal. (2004). A mixed epi- 
genetic/genetic model for oligogenic 
inheritance of autism with a limited 
role for UBE3A. Am. J. Med. Genet. 
A 131, 1-10. doi: 10.1002/ajmg.a. 
30297 

Johnson, C. P., and Myers, S. M. (2007). 
Identification and evaluation of chil- 
dren with autism spectrum disor- 
ders. Pediatrics 120, 1183-1215. doi: 
10.1542/peds.2007-2361 

Jolly-Tornetta, C, Gao, Z. Y, Lee, V. M., 
and Wolf, B. A. (1998). Regulation 
of amyloid precursor protein secre- 
tion by glutamate receptors in 



human Ntera 2 neurons. /. Biol. 
Chem. 273, 14015-14021. doi: 
10.1074/jbc.273.22.14015 

Jousse, C, Parry, L., Lambert-Langlais, 
S., Maurin, A. C, Averous, J., 
Bruhat, A., etal. (2011). Perina- 
tal undernutrition affects the methy- 
lation and expression of the lep- 
tin gene in adults: implication for 
the understanding of metabolic syn- 
drome. FASEB J. 25, 3271-3278. doi: 
10.1096/fj.ll-181792 

Kaminsky, Z., Wang, S. C, and 
Petronis, A. (2006). Complex dis- 
ease, gender and epigenetics. Ann. 
Med. 38, 530-544. doi: 10.1080/ 
07853890600989211 

Kelleher, R. J. Ill, and Bear, M. F. 
(2008). The autistic neuron: troubled 
translation? Cell 135, 401^06. doi: 
10.1016/j.cell.2008.10.017 

Kemper, T. L., and Bauman, M. L. 
(1993). The contribution of neu- 
ropathologic studies to the under- 
standing of autism. Neurol Clin. 11, 
175-187. 

Kennedy, D. P., Semendeferi, K., and 
Courchesne, E. (2007). No reduc- 
tion of spindle neuron number 
in frontoinsular cortex in autism. 
Brain Cogn. 64, 124-129. doi: 
10. 101 6/j.bandc.2007.0 1 .007 

Kerr, F., Rickle, A., Nayeem, N., Brand- 
ner, S., Cowburn, R. E, and Love- 
stone, S. (2006). PTEN, a negative 
regulator of PI3 kinase signalling, 
alters tau phosphorylation in cells 
by mechanisms independent of GSK- 
3. FEBS Lett. 580, 3121-3128. doi: 
10.1016/j.febslet.2006.04.064 

Krause, K., Karger, S., Sheu, S. Y, 
Aigner, T, Kursawe, R., Gimm, O., 
etal. (2008). Evidence for a role 
of the amyloid precursor protein in 
thyroid carcinogenesis. /. Endocrinol. 
198, 291-299. doi: 10.1677/JOE-08- 
0005 

Lahiri, D. K., Farlow, M. R., Sam- 
bamurti, K., Greig, N. H., Gia- 
cobini, E., and Schneider, L. S. (2003). 
A critical analysis of new molecu- 
lar targets and strategies for drug 
developments in Alzheimer's disease. 
Cwrr. Drug Targets 4, 97-112. doi: 
10.2174/1389450033346957 

Lahiri, D. K., Long, J. M., Ray, B., 
and Sokol, D. K. (2011). "Bio- 
chemical evidence for the dysregu- 
lation of Alzheimer's amyloid pre- 
cursor protein (APP) expression and 
metabolism in Fragile X syndrome 
(FXS) and severe autism," in Soci- 
ety of Biological Psychiatry, New 
Orleans, LA. 

Lahiri, D. K., Maloney, B., and 
Zawia, N. H. (2009). The LEARn 
model: an epigenetic explanation for 
idiopathic neurobiological diseases. 



Mol. Psychiatry 14, 992-1003. doi: 
10.1038/mp.2009.82 

Lahiri, D. K., Nail, C, Chen, D., 
Zaphiriou, M., Morgan, C, and 
Nurnberger, J. I. Sr. (2002). Devel- 
opmental expression of the beta- 
amyloid precursor protein and heat- 
shock protein 70 in the cerebral 
hemisphere region of the rat brain. 
Ann. N. Y. Acad. Sci. 965, 324- 
333. doi: 10.1 1 1 1/j. 1749-6632.2002. 
tb04174.x 

Landa, R. (2007). Early communication 
development and intervention for 
children with autism. Ment. Retard. 
Dev. Disabil. Res. Rev. 13, 16-25. doi: 
10.1002/mrdd.20134 

Laxova, R. (1994). Fragile X syndrome. 
Adv. Pediatr. 41, 305-342. 

Levitt, P., and Campbell, D. B. (2009). 
The genetic and neurobiologic com- 
pass points toward common signal- 
ing dysfunctions in autism spectrum 
disorders. /. Clin. Invest. 119, 747- 
754. doi: 10.1172/JCI37934 

Leyssen, M., Ayaz, D., Hebert, S. 
S., Reeve, S., De Strooper, B., 
and Hassan, B. A. (2005). Amyloid 
precursor protein promotes post- 
developmental neurite arborization 
in the Drosophila brain. EMBO 
J. 24, 2944-2955. doi: 10.1038/ 
sj.emboj.7600757 

Li, C, Li, X, Chen, W., Yu, S., Chen, 
J., Wang, H., et al. (2007). The differ- 
ent roles of cyclinDl-CDK4 in STP 
and mGluR-LTD during the postna- 
tal development in mice hippocam- 
pus area CA1. BMC Dev. Biol. 7:57. 
doi: 10.1186/1471-213X-7-57 

Lin, P., Sun, X., Feng, T, Zou, H., Jiang, 
Y, Liu, Z., etal. (2012). ADAM17 reg- 
ulates prostate cancer cell prolifera- 
tion through mediating cell cycle pro- 
gression by EGFR/PI3K/AKT path- 
way. Mol Cell. Biochem. 359, 235- 
243. doi: 10.1007/sl 1010-01 1-1018-8 

Lodato, S., Rouaux, C, Quast, K. B., 
Jantrachotechatchawan, C, Studer, 
M., Hensch, T. K., etal. (2011). 
Excitatory projection neuron sub- 
types control the distribution of local 
inhibitory interneurons in the cere- 
bral cortex. Neuron 69, 763-779. doi: 
10.1016/j.neuron.2011.01.015 

Lord, C, Shulman, C, and Dila- 
vore, P. (2004). Regression and word 
loss in autistic spectrum disorders. /. 
ChildPsychol. Psychiatry 45, 936-955. 
doi: 10.1111/j.l469-7610.2004.t01-l- 
00287.x 

Losh, M., Sullivan, P. F., Trem- 
bath, D, and Piven, J. (2008). 
Current developments in the genet- 
ics of autism: from phenome to 
genome. /. Neuropathol. Exp. Neu- 
rol 67, 829-837. doi: 10.1097/ 
NEN.0b013e318184482d 



Frontiers in Cellular Neuroscience 



www.frontiersin.org 



June 2013 I Volume 7 | Article 94 | 11 



Lahiri etal. 



Autism and APP-mediated anabolic pathway 



Maloney, B., Sambamurti, K., Zawia, 
N., and Lahiri, D. K. (2012). Apply- 
ing epigenetics to Alzheimer's dis- 
ease via the latent early-life asso- 
ciated regulation (LEARn) model. 
Curr. Alzheimer Res. 9, 589-599. doi: 
10.2174/156720512800617955 

Marco, E. J., and Skuse, D. H. (2006). 
Autism-lessons from the X chro- 
mosome. Soc. Cogn. Affect. Neu- 
rosci. 1, 183-193. doi: 10.1093/ 
scan/nsl028 

Marshall, C. R., Noor, A., Vincent, J. 
B., Lionel, A. C, Feuk, L., Skaug, 
J., etal. (2008). Structural variation 
of chromosomes in autism spectrum 
disorder. Am. J. Hum. Genet. 82, 
477-488. doi: 10.1016/j.ajhg.2007. 
12.009 

Martin, G. M. (2005). Epigenetic drift 
in aging identical twins. Proc. Natl. 
Acad. Sci. U.S.A. 102, 10413-10414. 
doi: 10.1073/pnas.0504743102 

Martin-Gronert, M. S., and Ozanne, S. 
E. (2010). Mechanisms linking sub- 
optimal early nutrition and increased 
risk of type 2 diabetes and obe- 
sity. /. Nutr. 140, 662-666. doi: 
10.3945/jn.l09.111237 

Matrone, C, Di Luzio, A., Meli, G., 
D'aguanno, S., Severini, C, Ciotti, 
M. T., etal. (2008). Activation of the 
amyloidogenic route by NGF depri- 
vation induces apoptotic death in 
PC12 cells. /. Akheimers Dis. 13, 
81-96. 

Mattson, M. P. (1994). Secreted 
forms of beta-amyloid precursor pro- 
tein modulate dendrite outgrowth 
and calcium responses to glutamate 
in cultured embryonic hippocampal 
neurons. /. Neurobiol. 25, 439-450. 
doi: 10.1002/neu.480250409 

Mattson, M. P. (1997). Cellular actions 
of beta-amyloid precursor protein 
and its soluble and fibrillogenic 
derivatives. Physiol. Rev. 77, 1081- 
1132. 

Mattson, M. P., and Furukawa, K. 
(1998). Signaling events regulating 
the neurodevelopmental triad. Glu- 
tamate and secreted forms of beta- 
amyloid precursor protein as exam- 
ples. Perspect. Dev. Neurobiol. 5, 
337-352. 

McCaffery, P., and Deutsch, C. K. 
(2005). Macrocephaly and the con- 
trol of brain growth in autistic dis- 
orders. Prog. Neurobiol. 77, 38- 
56. doi: 10.1016/j.pneurobio.2005. 
10.005 

McGowan, P. O., Sasaki, A., D'alessio, 
A. C, Dymov, S., Labonte, B., Szyf, 
M., etal. (2009). Epigenetic regu- 
lation of the glucocorticoid recep- 
tor in human brain associates with 
childhood abuse. Nat. Neurosci. 12, 
342-348. doi: 10.1038/nn.2270 



Morgan, J. T., Chana, G, Pardo, 

C. A., Achim, C, Semendeferi, 
K., Buckwalter, J., etal. (2010). 
Microglial activation and increased 
microglial density observed in the 
dorsolateral prefrontal cortex in 
autism. Biol. Psychiatry 68, 368- 
376. doi: 10.1016/j.biopsych.2010. 
05.024 

Morris, L. G, Veeriah, S., and 
Chan, T. A. (2010). Genetic deter- 
minants at the interface of can- 
cer and neurodegenerative disease. 
Oncogene 29, 3453-3464. doi: 
10.1038/onc.2010.127 

Mullan, M., and Crawford, F. (1993). 
Genetic and molecular advances in 
Alzheimer's disease. Trends Neurosci. 
16, 398-403. doi: 10.1016/0166- 
2236(93)90007-9 

Narayanan, U., Nalavadi, V., Nakamoto, 
M., Thomas, G, Ceman, S., Bas- 
sell, G. J., etal. (2008). S6K1 phos- 
phorylates and regulates fragile X 
mental retardation protein (FMRP) 
with the neuronal protein synthesis- 
dependent mammalian target of 
rapamycin (mTOR) signaling cas- 
cade. /. Biol. Chem. 283, 18478- 
18482. doi: 10.1074/jbc.C800055200 

National Fragile X Foundation (2013). 
Prevalence [Online]. Available at: 
http://www.fragilex.org/fragile-x- 
associated-disorders/prevalence/ 
(accessed February 3, 2013). 

Nelson, M. R., Wegmann, D., Ehm, 
M. G, Ressner, D., St Jean, P., 
Verzilli, C, etal. (2012). An abun- 
dance of rare functional variants in 
202 drug target genes sequenced in 
14,002 people. Science 337, 100-104. 
doi: 10.1126/science.l217876 

Newschaffer, C. J., Croen, L. A., Daniels, 
J., Giarelli, E., Grether, J. K., Levy, 
S. E., etal. (2007). The epidemiol- 
ogy of autism spectrum disorders. 
Annu. Rev. PuWicHea/tfi 28, 235-258. 
doi: 10.1146/annurev.publhealth.28. 
021406.144007 

Nickl-Jockschat, T, and Michel, T. M. 
(2011). The role of neurotrophic 
factors in autism. Mol. Psychia- 
try 16, 478-490. doi: 10.1038/mp. 
2010.103 

Nikolaev, A., Mclaughlin, T., O'leary, D. 

D. , and Tessier-Lavigne, M. (2009). 
APP binds DR6 to trigger axon prun- 
ing and neuron death via distinct 
caspases. Nature 457, 981-989. doi: 
10.1038/nature07767 

O'Roak, B. J., and State, M. W. (2008). 
Autism genetics: strategies, chal- 
lenges, and opportunities. Autism 
Res. 1,4-17. doi: 10.1002/aur.3 

Pennington, B. F. (2009). Diagnosing 
Learning Disorders: A Neuropsycho- 
logical Framework. New York: Guil- 
ford Press. 



Philippi, A., Roschmann, E., Tores, 
E, Lindenbaum, P., Benajou, A., 
Germain-Leclerc, L., etal. (2005). 
Haplotypes in the gene encoding 
protein kinase c-beta (PRKCB1) on 
chromosome 16 are associated with 
autism. Mol Psychiatry 10, 950-960. 
doi: 10.1038/sj.mp.4001704 

Piven, J., Arndt, S., Bailey, J., and 
Andreasen, N. (1996). Regional brain 
enlargement in autism: a magnetic 
resonance imaging study. /. Am. Acad. 
Child Adolesc. Psychiatry 35, 530-536. 
doi: 10.1097/00004583-199604000- 
00020 

Piven, J., and Palmer, P. (1999). Psychi- 
atric disorder and the broad autism 
phenotype: evidence from a family 
study of multiple-incidence autism 
families. Am. J. Psychiatry 156, 
557-563. 

Poot, M., Van Der Smagt, J. J., 
Brilstra, E. FL, and Bourgeron, 
T. (2011). Disentangling the myr- 
iad genomics of complex disor- 
ders, specifically focusing on autism, 
epilepsy, and schizophrenia. Cyto- 
genet. Genome Res. 135,228-240. doi: 
10.1159/000334064 

Postina, R. (2008). A closer look 
at alpha-secretase. Curr. Alzheimer 
Res. 5, 179-186. doi: 10.2174/ 
156720508783954668 

Poulsen, P., Esteller, M., Vaag, A., 
and Fraga, M. F. (2007). The 
epigenetic basis of twin discor- 
dance in age-related diseases. Pedi- 
atr. Res. 61, 38R-42R. doi: 10.1203/ 
P dr.0b013e31803c7b98 

Priller, C, Bauer, T., Mitteregger, 

G. , Krebs, B., Kretzschmar, H. 
A., and Herms, J. (2006). Synapse 
formation and function is modu- 
lated by the amyloid precursor pro- 
tein. /. Neurosci. 26, 7212-7221. 
doi: 10.1523/JNEUROSCI.1450-06. 
2006 

Rakic, P. (1988). Defects of neuronal 
migration and the pathogenesis of 
cortical malformations. Prog. Brain 
Res. 73, 15-37. doi: 10.1016/S0079- 
6123(08)60494-X 

Ray, B., Long, J. M., Sokol, D. K., 
and Lahiri, D. K. (2011). Increased 
secreted amyloid precursor protein- 
alpha (sAPPalpha) in severe autism: 
proposal of a specific, anabolic path- 
way and putative biomarker. PLoS 
ONE 6:e20405. doi: 10.1371/jour- 
nal.pone.0020405 

Rogers, E. J., Milhalik, S., Orthiz, D., and 
Shea, T. B. (2004). Apple juice pre- 
vents oxidative stress and impaired 
cognitive performance caused by 
genetic and dietary deficiencies in 
mice. /. Nutr. Health Aging 8, 92-97. 

Rohe, M., Carlo, A. S., Breyhan, 

H. , Sporbert, A., Militz, D, 



Schmidt, V, etal. (2008). Sortilin- 
related receptor with A-type repeats 
(SORLA) affects the amyloid precur- 
sor protein-dependent stimulation of 
ERK signaling and adult neurogene- 
sis. /. Biol. Chem. 283, 14826-14834. 
doi: 10.1074/jbc.M710574200 

Rutter, M. (2000). Genetic studies 
of autism: from the 1970s into 
the millennium. /. Abnorm. Child 
Psychol. 28, 3-14. doi: 10.1023/ 
A:10051 13900068 

Ruzzo, E. K., Pappas, A. L., and Gold- 
stein, D. B. (2012). Modifier genet- 
ics in neuropsychiatric disease: chal- 
lenges and opportunities. Genome 
Biol. 13, 150. doi: 10.1186/gb-2012- 
13-3-150 

Santos, M., Uppal, N., Butti, C, Wicin- 
ski, B., Schmeidler, J., Giannakopou- 
los, P., etal. (2011). Von Economo 
neurons in autism: a stereologic study 
of the frontoinsular cortex in chil- 
dren. Brain Res. 1380, 206-217. doi: 
10.1016/j.brainres.2010.08.067 

Schubert, D., Jin, L. W., Saitoh, T, 
and Cole, G. (1989). The regula- 
tion of amyloid beta protein pre- 
cursor secretion and its modula- 
tory role in cell adhesion. Neu- 
ron 3, 689-694. doi: 10.1016/0896- 
6273(89)90237-7 

Schumann, C. M., and Amaral, D. 

G. (2006). Stereological analysis of 
amygdala neuron number in autism. 
/. Neurosci. 26, 7674-7679. doi: 
10. 1523/JNEUROSCI. 1285-06.2006 

Schumann, C. M., Bloss, C. S., Barnes, 
C. C, Wideman, G. M., Carper, R. A., 
Akshoomoff, N., etal. (2010). Lon- 
gitudinal magnetic resonance imag- 
ing study of cortical development 
through early childhood in autism. 
/. Neurosci. 30, 4419-4427. doi: 
10.1523/JNEUROSCI.5714-09.2010 

Schumann, CM., Hamstra, J., Goodlin- 
Jones, B. L., Lotspeich, L. J., Kwon, 

H. , Buonocore, M. FL, etal. (2004). 
The amygdala is enlarged in chil- 
dren but not adolescents with autism; 
the hippocampus is enlarged at all 
ages. /. Neurosci. 24, 6392-6401. doi: 
10. 1523/JNEUROSCI. 1297-04.2004 

Schumann, C. M., and Nordahl, C. 
W. (2011). Bridging the gap between 
MRI and postmortem research in 
autism. Brain Res. 1380, 175-186. 
doi: 10.1016/j.brainres.2010.09.061 

Shulha, H. P., Cheung, I., Whittle, 
C, Wang, J., Virgil, D., Lin, C. 
L., etal. (2012). Epigenetic signa- 
tures of autism: trimethylated H3K4 
landscapes in prefrontal neurons. 
Arch. Gen. Psychiatry 69, 314- 
324. doi: 10.1001/archgenpsychiatry. 
2011.151 

Siemes, C, Quast, T, Klein, E., Bieber, 
T, Hooper, N. M., and Herzog, V. 



Frontiers in Cellular Neuroscience 



www.frontiersin.org 



June 2013 | Volume 7 | Article 94 | 12 



Lahiri etal. 



Autism and APP-mediated anabolic pathway 



(2004). Normalized proliferation of 
normal and psoriatic keratinocytes 
by suppression of sAPPalpha- 
release. /. Invest. Dermatol. 123, 
556-563. doi: 10.1111/j.0022-202X. 
2004.23320.x 

Sokol, D. K., Chen, D., Farlow, M. 
R., Dunn, D. W., Maloney, B., Zim- 
mer, J. A., etal. (2006). High levels 
of Alzheimer beta-amyloid precur- 
sor protein (APP) in children with 
severely autistic behavior and aggres- 
sion. /. Child Neurol. 21, 444-449. 
doi: 10.1177/08830738060210062201 

Sokol, D. K., and Edwards-Brown, 
M. (2004). Neuroimaging in autistic 
spectrum disorder (ASD). /. Neu- 
roimaging 14, 8-15. 

Sokol, D. K., and Lahiri, D. K. (2011). 
"The genetics of autism," in Interna- 
tional Handbook of Autism and Per- 
vasive Developmental Disorders, eds J. 
L. Matson and P. Sturmey (New York: 
Springer), 77-127. doi: 10.1007/978- 
l-4419-8065-6_6 

Sokol, D. K., Maloney, B., Long, 
J. M., Ray, B., and Lahiri, D. 
K. (2011). Autism, Alzheimer dis- 
ease, and fragile X: APP, FMRP, 
and mGluR5 are molecular links. 
Neurology 76, 1344-1352. doi: 
10.1212/WNL.0b013e3182166dc7 

Sparks, B. F., Friedman, S. D., Shaw, 
D. W., Aylward, E. LL, Echelard, D., 
Artru, A. A., etal. (2002). Brain 
structural abnormalities in young 
children with autism spectrum dis- 
order. Neurology 59, 184-192. doi: 
10.1212/WNL.59.2.184 

Stanfield, A. C, Mcintosh, A. M., 
Spencer, M. D., Philip, R., Gaur, S., 
and Lawrie, S. M. (2008). Towards 
a neuroanatomy of autism: a sys- 
tematic review and meta-analysis 
of structural magnetic resonance 
imaging studies. Eur. Psychiatry 
23, 289-299. doi: 10.1016/j.eurpsy. 
2007.05.006 

Steffenburg, S., Gillberg, C., Hellgren, 
L., Andersson, L., Gillberg, I. C., 
Jakobsson, G., etal. (1989). A twin 
study of autism in Denmark, Finland, 
Iceland, Norway and Sweden. /. Child 
Psychol. Psychiatry 30, 405-416. doi: 
10. 1 1 1 1/j. 1469-7610. 1989.tb00254.x 



Stein, T. D., and Johnson, J. A. 
(2003). Genetic programming by 
the proteolytic fragments of the 
amyloid precursor protein: some- 
where between confusion and clar- 
ity. Rev. Neurosci. 14, 317-341. doi: 
10.151 5/REVNEURO.2003. 14.4.3 17 

Sucksmith, E., Roth, I., and Hoekstra, 
R. A. (2011). Autistic traits below 
the clinical threshold: re-examining 
the broader autism phenotype in the 
21st century. Neuropsychol. Rev. 21, 
360-389. doi: 10.1007/sll065-011- 
9183-9 

Szyf, M. (2007). The dynamic 
epigenome and its implications 
in toxicology. Toxicol. Sci. 100, 7-23. 
doi: 10.1093/toxsci/kfml77 

Thinakaran, G., and Koo, E. H. (2008). 
Amyloid precursor protein traffick- 
ing, processing, and function. /. 
Biol. Chem. 283, 29615-29619. doi: 
10.1074/jbc.R800019200 

Trollope, A. F., Gutierrez-Mecinas, M., 
Mifsud, K. R., Collins, A., Saun- 
derson, E. A., and Reul, J. M. 
(2012). Stress, epigenetic control of 
gene expression and memory forma- 
tion. Exp. Neurol. 233, 3-11. doi: 
10.1016/j.expneurol.201 1.03.022 

Turner, P. R., O'connor, K., Tate, W. P., 
and Abraham, W. C. (2003). Roles 
of amyloid precursor protein and its 
fragments in regulating neural activ- 
ity, plasticity and memory. Prog. Neu- 
robiol. 70, 1-32. doi: 10.1016/S0301- 
0082(03)00089-3 

Vanderklish, P. W., and Edelman, G. 
M. (2002). Dendritic spines elon- 
gate after stimulation of group 1 
metabotropic glutamate receptors in 
cultured hippocampal neurons. Proc. 
Natl. Acad. Sci. U.S.A. 99, 1639-1644. 
doi: 10.1073/pnas.032681099 

Vargas, D. L., Nascimbene, C, Krishnan, 
C, Zimmerman, A. W., and Pardo, 
C. A. (2005). Neuroglial activation 
and neuroinflammation in the brain 
of patients with autism. Ann. Neurol. 
57, 67-81. doi: 10.1002/ana.20315 

van Kooten, I. A., Palmen, S. J., 
Von Cappeln, P., Steinbusch, H. 
W., Korr, H., Heinsen, H., etal. 
(2008). Neurons in the fusiform 
gyrus are fewer and smaller in 



autism. Brain 131, 987-999. doi: 10. 
1093/brain/awn033 
Venezia, V., Nizzari, M., Repetto, E., 
Violani, E., Corsaro, A., Thellung, 
S., etal. (2006). Amyloid precur- 
sor protein modulates ERK-1 and 
-2 signaling. Ann. N. Y. Acad. Sci. 
1090, 455^65. doi: 10.1196/annals. 
1378.048 

Vingtdeux, V., and Marambaud, P. 
(2012). Identification and biol- 
ogy of alpha-secretase. /. Neu- 
rochem. 120(Suppl. 1), 34-45. doi: 
10.111 l/j.1471-4159.201 1.07477.x 

Vorstman, J. A., Staal, W. G., Van Daalen, 
E., Van Engeland, H., Hochstenbach, 
P. E, and Franke, L. (2006). Iden- 
tification of novel autism candidate 
regions through analysis of reported 
cytogenetic abnormalities associated 
with autism. Mol. Psychiatry 11, 1, 
18-28. doi: 10.1038/sj.mp.4001757 

Vrotsos, E. G., and Sugaya, K. (2009). 
MCP-l-induced migration of NT2 
neuroprogenitor cells involving APP 
signaling. Cell. Mol. Neurobiol. 29, 
373-381. doi: 10.1007/sl0571-008- 
9329-3 

Wang, S. C, Oelze, B., and Schu- 
macher, A. (2008). Age-specific epi- 
genetic drift in late-onset Alzheimer's 
disease. PLoS ONE 3:e2698. doi: 
10.1371/journal.pone.0002698 

Wegiel, J., Kuchna, I., Nowicki, K., 
Imaki, FL, Marchi, E., Ma, S. Y., 
etal. (2010). The neuropathology 
of autism: defects of neurogenesis 
and neuronal migration, and dysplas- 
tic changes. Acta Neuropathol. 119, 
755-770. doi: 10.1007/s00401-010- 
0655-4 

Wehner, S., Siemes, C, Kirfel, G., 
and Herzog, V. (2004). Cytoprotec- 
tive function of sAppalpha in human 
keratinocytes. Eur. J. Cell Biol. 83, 
701-708. doi: 10.1078/0171-9335- 
00427 

Westmark, C. J., and Maker, J. S. 
(2007). FMRP mediates mGluR5- 
dependent translation of amyloid 
precursor protein. PLoS Biol. 5:e52. 
doi: 10.1371/journal.pbio.0050052 

Wu, J., Basha, M. R., and Zawia, N. 
H. (2008). The environment, epige- 
netics and amyloidogenesis. /. Mol. 



Neurosci. 34, 1-7. doi: 10.1007/ 
S12031-007-0009-4 

Xiao, L. J., Lin, P., Lin, E, Liu, 
X., Qin, W., Zou, H. E, etal. 
(2012). ADAM 17 targets MMP-2 and 
MMP-9 via EGFR-MEK-ERK path- 
way activation to promote prostate 
cancer cell invasion. Int. ]. Oncol. 
40, 1714-1724. doi: 10.3892/ijo. 
2011.1320 

Young-Pearse, T. L., Bai, J., Chang, 
R., Zheng, J. B., Loturco, J. J., 
and Selkoe, D. J. (2007). A critical 
function for beta-amyloid precur- 
sor protein in neuronal migration 
revealed by in utero RNA interfer- 
ence. /. Neurosci. 27, 14459-14469. 
doi: 10.1523/JNEUROSCI.4701- 
07.2007 

Zheng, X., Jiang, E, Katakowski, 
M., Lu, Y., and Chopp, M. 
(2012). ADAM 17 promotes glioma 
cell malignant phenotype. Mol. Car- 
cinog. 51, 150-164. doi: 10.1002/mc. 
20772 



Conflict of Interest Statement: The 

authors declare that the research was 
conducted in the absence of any 
commercial or financial relationships 
that could be construed as a potential 
conflict of interest. 

Received: 03 March 2013; accepted: 27 
May 2013; published online: 21 June 
2013. 

Citation: Lahiri DK, Sokol DK, Erick- 
son C, Ray B, Ho CY and Maloney B 
(2013) Autism as early neurodevelop- 
mental disorder: evidence for an sAPPa- 
mediated anabolic pathway. Front. Cell. 
Neurosci. 7:94. doi: 10.3389/fncel.2013. 
00094 

Copyright © 2013 Lahiri, Sokol, Erick- 
son, Ray, Ho and Maloney. This is 
an open-access article distributed under 
the terms of the Creative Commons 
Attribution License, which permits use, 
distribution and reproduction in other 
forums, provided the original authors and 
source are credited and subject to any 
copyright notices concerning any third- 
party graphics etc. 



Frontiers in Cellular Neuroscience 



www.frontiersin.org 



June 2013 | Volume 7 | Article 94 | 13 



